Rechargeable zinc-air flow batteries are investigated as possible technology for fast responding large-scale electrical energy storage due to the use of inexpensive, non-toxic and abundant materials, and compact system design. The operating ranges for several parameters such as flow rate (2-8 cm s −1 ), concentration of electrolyte (6 or 8 M KOH), charge/discharge current densities (up to 100 mA cm −2 mean), and active or passive air supply as well as their influence on the performance and stability of the electrodes are investigated and compared. Bi-catalyzed bifunctional air electrodes are tested by means of half-cell measurements achieving minimum 200 charge/discharge cycles at 50 mA cm −2 with the longest operation time being 800 h. At this current density, charge/discharge efficiencies are in the range of 50% for all tested air electrodes. End-of-life characterization by means of scanning electron microscopy reveals mechanical degradation of the electrode material. On the negative zinc electrode, zinc deposition morphology on different current collector materials (nickel, brass, and steel) is investigated using Rota-Hull cylinders showing nickel to be the most suitable material. The pulse interrupt current method is thereby successfully applied for compact zinc deposition in a broad current density range without any electrolyte additive. Subsequent scale-up of the rechargeable zinc-air flow battery and unit cell operation is finally performed for proof-of-concept.
Introduction
Electrical energy storage (EES) with fast response times of below 1 s is crucial for balancing energy supply and demand from intermittent electricity generators such as wind and solar power systems. Secondary batteries are suited for this bridging power application with power ranging from 100 kW to 10 MW [1] [2] [3] [4] [5] due to their ability to rapidly respond to load changes. In addition, because of low selfdischarge rates, the standby losses are small. However, in stationary units, high costs in comparison to the capacity, low energy density, and the negative ecological impact due to the use of scarce (Li-ion batteries) or toxic materials (i.e., lead-acid batteries, NiCd batteries) still prevent wide-spread installation of large-scale battery storage modules [1] . Also, for a competitive large-scale EES system, life-times of at least 10 years with about each 5 h charge and discharge per day are required [6] .
Flow batteries allow deep discharge [4] and a higher flexibility concerning capacity and power using external tanks for storing the dissolved electroactive species [3, 7] . Therefore, the scale-up of a flow battery as stationary electrical energy storage system can be achieved in a cost-effective way [6] . Different zinc-based hybrid flow batteries have been developed during the last decades [3, [7] [8] [9] . Among them is the most developed zinc-bromine flow battery, which was mainly researched during the 1980s with module storage capacities of up to 500 kWh [3] . It is characterized by inexpensive materials and cycling efficiencies of about 75% [3, 10] . Another type is the zinc-air flow battery [9, 11, 12] , which is investigated in this work and has already been demonstrated in varying forms in a few commercial and pilot systems (for example, US companies Fluidic Energy and EOS Energy Storage [13, 14] , EU projects ZAESS and POWAIR [15] [16] [17] [18] ). Although the zinc-air flow battery is still far behind the development of the zinc-bromine system, it has the advantage to be free of potentially hazardous bromine species by substituting the positive electrode with a reversible air electrode. On this air electrode, oxygen from the surrounding air is reduced to hydroxide ions into the highly alkaline electrolyte during discharging and, reversely, oxygen is generated during charging (Table 1) [14, 15] .
Although the high energy density of zinc-air batteries [19, 20] is less relevant in stationary flow systems, using a metal-air configuration can still significantly reduce the capital costs per kWh as only one active material has to be stored. Zinc is compared to lithium less hazardous and much more abundant, easily recyclable and thus less costly with only US $2 per kg [14, 19] . Furthermore, no ion-exchange membrane is necessary to separate anolyte and catholyte [11] . The cost of a commercialized system is projected to be about US $160 per kWh depending on the utilized air electrode catalysts [14] . Nevertheless, the zinc-air system suffers, as most metal-air batteries, from low roundtrip efficiencies of below 50% due to the sluggish oxygen reaction kinetics and short cycle life mainly caused by material degradation [13, 14, 20] . Not only material and catalyst selection for an optimal air electrode design plays a crucial role to overcome these issues but also the operating conditions have a significant impact on the longevity of the electrodes. This is also true for the zinc electrode, where mechanically unstable growth morphologies of zinc are commonly observed in current density ranges close to and far below the limiting current density [21] . The detachment of zinc particles from the electrode results in capacity losses, while the growth of zinc dendrites can lead to short circuits and damaging of the air electrode. It is thus essential to optimize and control the operating conditions of the zinc-air flow battery for the processes at both electrodes.
In this work, we show the influence of different operating conditions both on the long-term performance of bifunctional air electrodes as well as on the growth morphology of zinc on several current collector materials. The recharge capability of the zinc electrode is studied with pulse interrupt currents (PIC) on rotating electrodes in order to achieve dendrite-free zinc deposits [21, 22] . Concerning the positive electrode, of the many catalysts reported for zinc-air batteries [14, [23] [24] [25] [26] [27] [28] [29] [30] were chosen and both employed in the investigated air electrodes. They bi-functionally catalyze the discharging reaction, i.e., oxygen reduction reaction-ORR, and the charging reaction, i.e., oxygen evolution reaction-OER. With such an air electrode, the system can be operated in a structurally more compact two-electrode arrangement with one zinc and only one air electrode, which reduces the complexity of the system compared to a three-electrode set-up [12, 16, 23] . Long-term operation of the air electrodes in half-cell set-up with minimum 200 charge/discharge cycles was performed at comparably high current densities of 50 mA cm −2 [3, 14, 31] . The investigated effects presented in this work concerning the air electrode are (i) the influence of charging with pulse interrupt currents (PIC), (ii) a comparison of open set-up to active gas supply, (iii) a test using an up-scaled electrode with 16 cm 2 electrode size, (iv) a comparison of 6 M KOH electrolyte to 8 M KOH, and (v) the influence of Table 1 Electrochemical reactions in a zinc-air batterycharging reaction from left to right [14, 15] flowing electrolyte at different flow rates. The course of the potentials during discharging and charging as well as energy efficiency are used to characterize the stability of the electrodes. Finally, the gained knowledge on operation of both electrodes is applied in a full cell set-up with flowing electrolyte for demonstration. With these experiments, we hope to facilitate the assessment of optimal operating conditions and to take the zinc-air flow battery one step further from component development to full cell operation.
Experimental

Rota-Hull and rotating cylinder experiments of the zinc anode
Electrolytes were prepared with potassium hydroxide from Carl Roth GmbH (≥ 85%, p. a.) and zinc oxide from SigmaAldrich (> 99%, puriss.). First, a solution with deionized water and 8 M potassium hydroxide was prepared, and then different amounts of zinc oxide were dissolved to obtain zincate concentrations c of 0.2 and 0.5 M.
The Rota-Hull cell (Eco Chemie B. V., Netherlands) has been described previously [21, 32] and consisted of a cylinder cathode and of a cylindrical platinized titanium mesh anode, placed concentrically around the cathode. Rota-Hull cell experiments were performed at 23 and 60 °C with a zincate concentration of 0.5 M. The rotational rates of the RCH cathodes are specified as linear velocities of the rotating cylinder surface w [cm s −1 ]. Constant direct current was generated by the power and control unit of the Rota-Hull cell, while pulse current was fed into the Rota-Hull control unit from a PGSTAT128N (Metrohm Autolab B. V., Netherlands). Rotating cylinder experiments were carried out with a Pine Research Instruments Model AFMSRCE (USA) connected to the PGSTAT128N.
All cylinder electrodes in Rota-Hull experiments were 12 cm long with 6 mm diameter l (exposed electrode area A = 15 cm 2 ) from brass (CuZn39Pb3, Metrohm INULA GmbH, Austria) or steel (C45 grade, material number 1.0503, Franz Grosschaedl Stahlgroßhandel GmbH, Austria). The nickel electrodes in rotating cylinder experiments were 1.00 cm long and had a diameter of l = 15 mm with an exposed electrode area A = 4.71 cm 2 . Nickel cylinders for Rota-Hull and rotating cylinder experiments were prepared by electrodepositing 10 µm of Ni onto brass, copper, or steel cylinders from a sulfamate bath (Atotech, Germany) at a current density of 2.5 A dm −2 and 50 °C under stirring. All brass and steel cylinders were pre-treated before zinc deposition. Brass was abraded with SiC grinding paper (800 mesh). Steel was treated first in aqueous 50 g L −1 UniClean 154 (Atotech, Germany) for 10 min at 65 °C and then for 3 min in aqueous 120 g L −1 UniClean 675 (Atotech, Germany) at 70 °C under stirring.
Current efficiencies in the Rota-Hull experiments were calculated from the gravimetrically determined mass of zinc or in the case of the rotating cylinder experiments by coulometry of the potentiostatic zinc dissolution.
Catalyst and air electrode preparation
All chemicals were used as purchased without further purification. The synthesis procedure of NiCo 2 O 4 spinel (NCO) supported on either untreated carbon nanofibers (CNF) or nickel powder and the electrode manufacturing process using two different oxide catalysts has already been described in detail in a previous publication [27] . The procedure is shortly described in the following for electrode sizes up to 100 cm Sigma-Aldrich). To achieve a better distribution of the powder on CNF support, the perovskite was homogenously dispersed with CNF in a weight ratio of 3:1 in ultrapure water/2-propanol 1:1 (v:v) using an ultrasonic probe (LSCF/CNF).
For electrode manufacturing, two different electrode pastes were prepared by mixing the catalyst/support powders with PTFE (TF5032, suspension; Dyneon GmbH) in ultrapure water/2-propanol 1:1 (v:v). Paste one consisted of 50% NCO/CNF, 20% NCO/Ni powder, and 20% PTFE (wt%). The second paste comprised 80% LSCF/CNF and 20% PTFE (wt%). The pastes were separately spread on opposite sides of nickel foam (pore size 450 µm, area density 420 g m −3 , thickness 1.6 mm; Alantum Corporation, Germany) using about 30-40 mg of the dry catalyst/support/PTFE mixture per cm 2 of nickel foam. Nickel foam was chosen as current collector as it provides good electrical conductivity within the electrode and gives mechanical strength to the build. The catalyst loadings were 10 mg cm 
Electrochemical measurements of air electrodes and full cell
Electrochemical characterization of the air electrodes in half-cell set-up was performed with a BaSyTec Cell Test System (Germany) in custom-made PMMA test cells with EPDM gaskets. Always two air electrodes were measured at the same time, one operated as working electrode and the second as counter electrode as depicted in Fig. 1 . Both electrodes were separately referenced against a piece of zinc foil (1.6 mm, ~ 8 cm 2 surface area; Alfa Aesar) via a Luggin capillary. The standard measurement was performed with 4 cm 2 sized electrodes at room temperature (24 °C) in 8 M KOH with 0.5 M ZnO electrolyte and actively supplied with 25 mL min −1 synthetic air (80% N 2 /20% O 2 ) via the closed gas compartment. The gas exhaust was immersed in 5 cm of water to counter the hydrostatic pressure of the liquid electrolyte. The utilized electrode mounts were adapted to the different tests by increasing the electrode size from standard 4 cm 2 to 16 cm 2 or by removing the closed gas compartment for measuring with passive air supply. Furthermore, a DC centrifugal pump (WPDC-02.5L-1.00M-12-VP; Rotek, Austria) was added to the set-up for operation with flowing electrolyte. The surface flow velocities w were 5, 6, and 8 cm s −1 , which correspond in this set-up to 1.5, 1.8, and 2.1 L min −1 . Long-term operation was performed with 2 h cycles consisting of 1 h discharge (ORR) and 1 h charging (OER). 1 h pulse charging with the PIC method was performed with 150 mA cm −2 pulse for t on = 50 ms and no current for 150 ms (duty cycle γ = 0.33), resulting in a mean current density (j m ) of 50 mA cm −2 . Every hundred cycles ORR/OER polarization curves were recorded for additional information on the performance at lower current densities.
Full cell operation was demonstrated in a scaled-up setup with two 100 cm 2 bifunctional air electrodes (overall 200 cm 2 ) and with 100 cm 2 of nickel foam (thickness 1 mm) electrodeposited with zinc as negative electrode, which was mounted between the two air electrodes with 1 cm distance to each. The air electrodes were open to the ambient air with no active gas supply. The tank size was increased to 5 L. A volume of 4.5 L of 6 M KOH electrolyte with 0.325 M ZnO was pumped through the vertical cell with a surface flow velocity of 2 cm s −1 , which corresponds to 1.9 L min −1 . If 0.2 M zinc is set as the minimum concentration, this cell configuration has a theoretical capacity of 30 Ah [7] . The zinc electrodeposition was done by the PIC method for 4 h using t on = 50 ms with 50 mA cm −2 and 50 ms pause (duty cycle γ = 0.5). This corresponds to a j m of 25 mA cm −2 on the zinc electrode and 12.5 mA cm −2 at the air electrode. Approximately 12.2 g (0.19 mol) of zinc was deposited during this time. The zinc-air cell was cycled with 35 min pulse charging with the same conditions as during the coating, followed by 30 min discharge at 25 mA cm −2 Zn electrode .
Materials characterization
A system VEGA3 ESEM Tescan 500 PA (Czech Republic) equipped with an energy dispersive X-ray detector from Oxford Instruments (UK) was used for scanning electron microscopy and EDX. Prior to characterization by SEM, the air electrodes were thoroughly soaked with ultrapure water before drying preventing morphology changes by crystallizing KOH.
Results and discussion
Zinc electrode
Zinc morphology on different current collector materials with pulse interrupt current (PIC) plating
A number of different growth morphologies have been reported for zinc electrodeposition from alkaline aqueous electrolytes [33] . They have been attributed to different current density regimes and range from filamentous mossy (nucleation and activation control) over compact morphologies such as layer-like (activation control) and boulder (mixed activation and diffusion control) to dendritic (diffusion control) and heavy spongy under mass-transport control (diffusion and convection resulting from hydrogen bubble stirring). In addition to the factors that govern the limiting current density during deposition (zincate concentration, convection, temperature), also the topography of the substrate surface and the crystallographic misfit of the substrate material to that of zinc have been reported to play a crucial role for the type of growth morphology. Three different zinc morphologies can be clearly distinguished on the Rota-Hull cylinder cathode in Fig. 2 . Here, the zinc has been deposited by pulse interrupt current (PIC) for 100 min on nickel with an average current density j m of 50 mA cm −2 . At low current densities, the filamentous mossy morphology is observed, at medium current densities the compact boulder type, and at high current densities dendritic zinc. In order to test the impact of the substrate material and type of current, zinc was deposited for 15 min by PIC and by constant DC on brass, steel, and nickel with an average current density j m of 33.33 mA cm −2 . All current efficiencies were in the range of 95-100%. The resulting zinc morphologies are depicted schematically in Fig. 3 . Most important, constant DC at 60 °C produces the filamentous mossy morphology (denoted as f in Fig. 3 ) almost irrelevant of the substrate material, while PIC leads to wide current density ranges with compact morphology (denoted as c). This is clear evidence for the beneficial effect of high pulse current densities on nucleation, meaning also high overpotentials. Slow and selective nucleation has been reported to result in mossy initiation [33] . At a temperature of 23 °C, the results on nickel are slightly different. Clearly, the dendritic morphology is produced by PIC and constant DC already at considerably lower current densities compared to 60 °C. This can be explained by the limiting current density, which decreases with temperature due to the increasing electrolyte viscosity and consequently a smaller zincate diffusion coefficient. Also the type of substrate material influences the current density boundaries between the different growth morphologies. At low current density, zinc deposits tend to grow at <0001> (filamentous mossy). For steel, iron (110) is the bcc close-packed plane with an interatomic distance of 0.2482 nm, which is smaller than the 0.2665-nm distance of the zinc (0001) basal plane. This represents a larger negative misfit than those between zinc and fcc copper (111) with 0.2556 nm. The negative misfit between zinc and nickel (111) with 0.2492 nm is similar to that between zinc and iron. In all cases, the negative misfits have been reported to result in the Volmer-Weber-type growth of 3D islands producing boulder, dendritic, or heavy spongy morphology [33] . The different growth behavior of Zn on brass, steel, and nickel must therefore be caused by something else. The local partial current density distribution of the hydrogen evolution side reaction depends on the respective overpotentials of the materials for this reaction. Presumably, the latter is lower for nickel. Consequently, a larger area towards the high local current density end of the nickel electrode is blocked for zinc deposition by hydrogen bubbles. This results in a shift of partial current density for zinc deposition towards the lower current density end of the electrode preventing the formation of the mossy morphology. It cannot be ruled out that slight differences in the surface roughness of the three substrates might affect the growth morphology as well. Based on the results obtained here, nickel seems to be the most suitable current collector material.
The local current densities shown along the length of the Rota-Hull cylinders are based on the primary current density distribution calculated from the geometry of the cell [34, 35] . The practical current density distribution, which is affected also by the charge transfer kinetics and mass-transport limitations together with the resulting side reactions, might deviate significantly from the primary one. In order to verify that the morphology ranges observed along the RotaHull cylinder can be attributed to certain current density ranges, rotating cylinder experiments with defined current densities were carried out. The results are shown in Fig. 4 . On the left-hand side is a picture of the Rota-Hull cylinder schematically shown in Fig. 3 (PIC zinc deposition on nickel at 60 °C), where the compact boulder zinc morphology had been observed over the whole current density range. On the right-hand side, SEM images of zinc deposited on rotating cylinders at the indicated current densities under otherwise identical conditions are shown. The compact boulder-type zinc morphology could be reproduced at current densities of 50 and 60 mA cm −2 . At 100 mA cm −2 , the morphology still is boulder type, but the very coarse-grained pyramidal boulders are regarded as dendrite precursors. In all cases, the current efficiencies were in the range of 96-97%.
Compact zinc has been described as a transient morphology in electrodeposition from alkaline electrolytes [36, 37] . After a certain deposition time with compact morphology, either mossy or dendritic growth is initiated. The consequence of this initiation time is also apparent from the results shown in Fig. 5 . Zinc was electrodeposited by PIC in Rota-Hull cell experiments on brass and on nickel cylinders for periods of 15 and 150 min or 30 and 300 C cm −2 , respectively. On both substrates, the range of local current densities with compact zinc based on the primary current density distribution is significantly narrower at longer deposition times and 60 °C. The same effect is observed on nickel also for an electrolyte temperature of 23 °C. Again, the dendritic morphology is produced already at significantly lower local current densities for short and long deposition times, due to the lower limiting current. The current efficiencies are lower for brass increasing with deposition time from 95 to 98% and higher for nickel, again increasing with deposition time from 97 to 99%. This probably reflects the extent of hydrogen evolution decreasing in the order brass > nickel > zinc.
Dissolution/deposition cycling experiments with PIC plating
The growth behavior of zinc during deposition/dissolution cycling is critical for the operation of the zinc-air flow battery. This behavior was tested with PIC deposition (charging) at 50, 60, and 70 mA cm −2 average current densities and constant DC dissolution (discharging) at 100, 120, and 140 mA cm −2 under turbulent flow conditions on nickel rotating cylinder electrodes as shown in Fig. 6 . After 1000 s of PIC zinc deposition followed by 4 cycles of 100 s constant DC dissolution/200 s PIC deposition, compact zinc was still observed for 50 and 60 mA cm −2 average current densities, while dendritic zinc had grown at 70 mA cm −2 average current density. The diffusion limiting current j lim for the rotating cylinder electrodes under these conditions is ).
It is noteworthy that even for an average current density of 60 mA cm −2 , which is above the limiting current density, the compact zinc morphology has been obtained. The "cumulated" current efficiencies determined from amperometric dissolution of the final zinc deposit were 96% for (1)
50 mA cm −2 , 95% for 60 mA cm −2 , and 94% for 70 mA cm −2 average deposition current density.
Air electrode
PIC charging with active or passive air supply
Charging with pulse interrupt currents (PIC) is a beneficial method for obtaining compact zinc morphologies during charging as described in Sect. 3.1. Thereby unfavorable morphologies such as dendritic or mossy leading to shorts and loss of active material are avoided [21] . However, the high pulse currents could lead to accelerated degradation at the air electrode due to a much more vigorous oxygen bubble formation during OER and higher oxidative potentials. In the following, air electrodes charged with the PIC method (E PIC and E PIC_open ) are compared to the long-term behavior of an electrode charged with constant current (E const ) at 50 mA cm −2 . The results of these half-cell measurements are depicted in Fig. 7 .
E const achieved 600 h (300 cycles) until the lower cutoff potential of 0.8 V vs Zn/Zn 2+ was reached. For 200 cycles, the potential difference between charge and discharge was below 1.0 V. When charging with PIC, the electrode E PIC could be operated for more than 800 h (380 cycles) and in the open set-up E PIC_open 500 h (220 cycles) were achieved. Although the overall operation time varied significantly, all three electrodes showed nearly the same performance from 100 to 400 h indicating stable three-phase zones within the electrodes for ORR. The PIC method resulted in only slightly higher charging potentials of about 2.05 V. The potential difference between pulse and pause increased from 101 to 176 mV for E PIC and for E PIC_open from 115 to 159 mV over the course of the measurement. Overall, the maximum charging potentials were very stable for all three electrodes with the E const exhibiting low OER potentials of about 1.94 V.
The energy efficiency [2, 38, 39] or roundtrip efficiency [24] for the air electrodes was calculated according to Eq. 2 with the applied current density j, the time t, and the measured potential V at charge c and discharge d, respectively.
Depending on the applied current densities, the roundtrip efficiencies of all three air electrodes are higher than 65% at 5 mA cm −2 , about 60% at 20 mA cm −2 and in the range of 50% at 50 mA cm −2 even after 200 cycles as summarized in Table 2 . This is in agreement to reported values of other zinc-air battery systems [14, 28, [40] [41] [42] [43] . The charge/discharge potentials are nearly the same for all three electrodes indicating that the PIC method is applicable in full cell operation without any harming effect on the air electrode. In fact, the E PIC with active gas supply exhibited the highest performance after 200 cycles and the longest overall operation time.
Keeping stable three-phase boundaries for ORR within the electrode during repeated charging and discharging is one the most challenging issues in a rechargeable zinc-air battery, especially in connection with slow PTFE degradation and reduced hydrophobicity [14] (see Supplementary  Fig. S3 ). As summarized by Pei et al. [16] , several failure mechanisms are plausible. One is the slow flooding of the electrode caused by increasing penetration of electrolyte into the electrode's pore structure. In consequence, oxygen diffusion is hindered during ORR. This degradation mechanism is further enhanced through the charging reaction as the oxygen bubbles generated within the electrode during OER mechanically destroy the fine porous structure. The effect was observed with scanning electron microscopy (SEM) when comparing a fresh electrode to E const and E PIC_open after operation as depicted in Fig. 8 . The surface of the electrodes is much rougher after the testing and the carbon fiber network appears washed out. The oxidative potentials during OER and the highly alkaline environment can lead to carbon corrosion [14] of the crude CNF indicated by a slightly orange-colored electrolyte observed after 100 h of testing. In general, the right selection of carbon support has a severe impact on the durability of bifunctional air electrodes [44, 45] . Furthermore, because of the constant synthetic air gas flow on the electrode's backside of E const and E PIC , a dryingout effect can occur leading to precipitation of KOH and ZnO within the pore structure. In consequence, sufficient gas supply is hindered during discharging. In comparison, the open set-up was more prone to leakage of electrolyte as no gas pressure could be applied. In consequence, fine droplets were visible on the electrode side facing the surrounding air after about 50 h, which then formed a continuous film. However even with this film, the current-potential curves up to 50 mA cm −2 (depicted in Supplementary Fig. S2 ) showed no diffusion limitation. In the closed set-up with active gas flow, these electrolyte droplets were taken out with the air flow.
The results show that the favorable PIC method can be applied in a full zinc-air cell without damaging the air electrode. When comparing the open and the closed set-up, the Table 2 Charge/discharge potential differences and the calculated air electrode efficiencies from the recorded current-potential curves (see Supplementary Fig. S2) closed set-up results in prolonged operation times, due to more control of the wetting behavior by varying the air flow or by increasing the air pressure. However, the system has to be designed in a more complex way than the open set-up. Nevertheless, when considering the need of scale-up, active air supply can be helpful to achieve even current distribution over the whole electrode area during operation. This can further be enhanced by implementation of flow fields as used in fuel cells.
Scale-up to 16 cm 2
Although high activities and good stabilities for zinc-air cells have been reported by many groups [12, 46, 47] , the usual active surface areas of tested air electrodes are smaller than 5 cm 2 . However, for stationary large-scale applications scale-up of the electrode size is crucial. This includes not only the scalability of the electrode production process but also the stability of these electrodes. During operation, the fine balance of gas accessibility and electrolyte permeability is altered due to the increased hydrostatic pressure. The long-term measurement of a 16 cm 2 sized electrode, i.e., four times bigger surface area than E const , with active synthetic air supply is depicted in Fig. 9 . The ORR/OER roundtrip efficiency of E 16 cm 2 was 54% after 40 cycles at 30 mA cm −2 (ΔV = 0.90 V). In consequence to the increasing performance over time indicating improved wetting of the electrode, the current density was raised to 50 mA cm −2 after 100 h total operation time as shown in Fig. 9 . In the first cycle at 50 mA cm −2 the efficiency was 51%, and even 52% after 400 h total testing time and after changing to 6 M KOH electrolyte. The change of electrolyte had no significant effect on the performance of the air electrode. Between 6 and 8 M, the ionic conductivity of KOH electrolyte is high with its maximum of 650 mS cm −1 (25 °C) at a concentration of 7 M (or ~ 30 wt% KOH) [13, 48] . Although even higher molarities would allow to dissolve more ZnO (i.e., about 1.2 M ZnO in 12 M KOH at room temperature) and thus increase the volumetric energy density of the flow battery system, the resulting increase of viscosity and corrosiveness would further complicate the system management [15, 19, 48] .
After total 200 cycles (517 h operation time), the efficiency was still 51% (ΔV = 0.95 V) at 50 mA cm −2 . The measurement was stopped due to increased leakage of electrolyte and too low ORR potentials after 280 charge/ discharge cycles. Overall, the performances of E 16 cm 2 and E const are nearly the same showing that the scale-up from 4 to 16 cm 2 was successfully achieved.
Flowing electrolyte
Because of the high flow velocities necessary for obtaining compact zinc morphologies, a 4 cm 2 air electrode (E flow ) was long-term cycled with surface flow velocities up to 8 cm s −1 (which corresponds to 2.1 L min −1 with this cell geometry). The measurement is depicted in Fig. 10 showing the first 15 h of testing in the left graph and the following 400 h, i.e., overall 200 cycles at 8 cm s −1 on the right-hand graph. The lower operation time of 450 h compared to the other electrodes is caused by the longer shut-off times during the measurement of E flow . After every restart, the first ORR cycle exhibited low potentials; however, after the first charging the ORR potentials improved again indicating that the three-phase boundaries were restored. This effect indicates that during shut-off times the electrode soaked with KOH, but the electrolyte was then displaced again by the generated oxygen during OER. Altogether, the E flow electrode exhibited stable ORR and OER potentials for more than 400 h, even with the high shear forces affecting the electrode's surface. In fact, the flowing electrolyte had the positive effect to remove the generated oxygen bubbles during OER resulting in more stable charging potentials as shown in Supplementary This indicates that the fine Ni foam provides sufficient stability for the catalyst/CNF/PTFE network and that in this build slow material removal is prevented. The results show that the air electrode can withstand the stressing conditions (high surface flow velocities, PIC charging) needed for compact zinc deposition. Nevertheless, it has to be considered that too high flow velocities reduce the energy efficiency of the whole system due to the power needed for pumping [49, 50] . The air electrode efficiency after 50 h of long-term operation was 50%, 52% after 200 h, and still 50% after 400 h of operation. The measurement was stopped after 450 h due to increased electrolyte leakage.
After these promising results with pulse interrupt current charging for both the reversible air electrode and the zinc electrode, it was highly interesting to test the effect of PIC charging in the unit cell with flowing KOH electrolyte.
Full cell operation with 100 cm 2 air electrodes and zinc pulse interrupt current plating
The first full cell operation at room temperature with flowing 6 M KOH electrolyte is shown in Fig. 11 , depicting the unit cell voltage over time. After PIC deposition of zinc onto the nickel foam within the first 4 h, the cell was cycled for 17 h, showing stable charge cell voltages over the whole operation time and, after an initial decrease, also stable discharge voltages at > 1 V. During the first full cycle, the efficiency of the complete zinc-air cell is 51% at 25 mA cm −2 Zn . This value includes, in contrast to the efficiencies listed in Table 2 , also the ohmic resistances and the zinc overpotentials. However, these losses are much smaller in comparison to the ORR/ OER overpotentials [51] . At the last cycle, the efficiency was 47%.
The results show that although the manufacturing of 100 cm 2 air electrodes was successfully achieved, further optimization of the set-up is still necessary in order to prevent electrolyte leakage. The leakage posed a rather minor problem in small electrodes up to 16 cm 2 ; however, the open set-up used for full cell operation in combination with the big air electrode surface area of 200 cm 2 (cell height of 16 cm) allowed too much loss of electrolyte so that the electrode could not be operated further. Suggestions for improvement would be the backing of the air electrodes with an additional PTFE layer or an additional gas diffusion layer (GDL) as known from fuel cell technology [52] . By achieving this, the next step would be the increase of surface flow velocity from 2 to 6 cm s −1 by reducing the electrode distance. Nevertheless, this measurement can be seen as proofof-concept that the knowledge gained by the investigations on both electrodes can be applied for unit cell operation.
Conclusion
Separate study of the operating conditions of both half-cells in the rechargeable zinc-air flow battery allows faster transfer to larger-scaled full cells. In full cells often only the cell voltage is measured, which makes it more challenging to differentiate and attribute the various effects occurring at anode and cathode. Determining the operating range for various parameters allows further optimization of the cell performance. The investigated parameters discussed in this paper and their effects on the half-and full-cell performances are summarized as follows:
• In the range of 10-50 mA cm −2 average current density, compact zinc morphologies are obtained for pulse interrupt current (PIC) charging times as long as 150 min in additive-free 0.5 M ZnO/8 M KOH at 60 °C. At 23 °C, the average current density producing compact zinc decreases to a range between 3.7 and 16.7 mA cm −2 . Charge/discharge cycling using PIC results in compact dendrite-free zinc deposits up to 60 mA cm −2 mean current density j m (120 mA cm −2 pulse current density, flow rate 6 cm s −1 , and 60 °C). Nickel is preferred over brass and stainless steel as substrate material in producing compact zinc deposits.
• On the air electrode, applying the PIC charging waveform, the charging potentials stay below 2.1 V even with pulse currents of 150 mA cm −2 . Long-term results show that there is no accelerated degradation of the air electrode by that method [27] .
• Scaling-up of the utilized manufacturing process was successful for electrode sizes up to 100 cm 2 . Up-scaling from 4 to 16 cm 2 resulted in comparable operation times. For long-term operation of bigger sized electrodes, additional backing is required.
• 8 and 6 M KOH electrolytes are both suitable for operation of the flow cell.
• High electrolyte flow rates of up to 8 cm s −1 on the electrode surface do not damage the air electrode and result in more stable charging potentials due to the outtake of generated oxygen bubbles.
• The open set-up with passive air supply can lead to faster electrolyte leakage and to oxygen diffusion limitations at current densities > 50 mA cm −2 . However, the build of the cell and the peripheral systems can be designed in a more compact way.
Long operation times of up to 800 h charge/discharge cycling at 50 mA cm −2 mean were demonstrated for bifunctional air electrodes. For all tested electrodes, regardless of the operating conditions (flow, air supply, size), end-of-life was reached because of too low oxygen reduction potentials during discharge. As the ORR is very sensitive to the electrode structure due to the requirement of three-phase zones (gas/electrolyte/conductive catalyst), mechanical and chemical degradation effects are mainly apparent in the slowly decreasing discharge potentials. Improvements in long-term stability have to be tackled in this regard, either by manufacturing even more robust structures with more stable materials (e.g., substitute PTFE binder) or by keeping the anodic charging potentials during OER as low as possible.
